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Abstract: Computational fluid dynamics (CFD) has been widely used for study-
ing intracranial aneurysm hemodynamics, while its use for guiding clinical strat-
egy is still in development. In this study, CFD simulations helped inform
treatment decision for a middle cerebral artery (MCA) aneurysm case was inves-
tigated. A patient with a 10.4 × 9.8 mm aneurysm attached with a small aneurysm
at the edge of the trifurcation in the left MCA was included in this study. For
removing the MCA aneurysm, two scenarios were considered: Plan-A involved
clipping the small aneurysm and Plan-B involved clipping the whole aneurysm.
A suitable treatment plan was decided by comparing the clinical measurements
and CFD analysis between these two plans. One-year after the surgery, the
CFD analysis was conducted again on the post-operative aneurysm model to ver-
ify the selected surgical plan in terms of morphometric and hemodynamic proper-
ties changes in the aneurysm. Based on the CFD simulation and clinical
experience, surgical Plan-A was adopted. One-year after the surgery, both the
hemodynamic and morphological properties improved in the post-operative
aneurysm model, indicating the recovery of the patient. The patient-specific
aneurysm CFD analysis can help to determine a better surgical plan for patients
with special cerebral aneurysms. This study showed how CFD analysis can be
used to aid clinical diagnosis and treatment.
Keywords: Cerebral aneurysms; computational fluid dynamics; computed
tomography angiography; hemodynamics
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1 Introduction
Intracranial aneurysm is a kind of destructive cerebrovascular disease, which is characterized by the
pathological enlargement of local cerebral arteries. Sudden rupture of middle cerebral aneurysms can
cause subarachnoid hemorrhage, associating with serious morbidity and mortality [1]. Size and
location have been identified as important aneurysm-specific predictors of rupture in both single and
multiple aneurysms [2, 3]. While the rupture incidence of small aneurysms and multiple aneurysms
makes the point of view controversial [4]. Therefore, more and more researches focused on better
predictors for aneurysm rupture [5]. Among all the risk factors involved, the hemodynamics of the
aneurysm are thought to be the most fundamental one. Previous studies have shown the hemodynamic
parameters, including wall shear stress (WSS), oscillatory shear index (OSI) and flow patterns play
significant role in the rupture of an aneurysm, despite that debate whether low or high WSS that really
makes difference in the aneurysm formation or rupture still existence [6-9]. With the advancement of
angiography technology, researches based on patient-specific aneurysm model have been greatly
promoted since three-dimensional image provides detailed anatomical features that are often neglected
in idealized aneurysm geometries [10, 11]. Clinically, the treatment strategies of aneurysms mainly
include clipping and endovascular interventional embolization. The choice depends on the size of the
aneurysm, rupture status, whether the patient's physical condition can withstand the trauma of
craniotomy [12, 13].
Most of the existed studies were case-based theoretical analysis and mainly focused on describing the
causes of the aneurysm formation or rupture, only few of them have used the computational fluid dynamics
(CFD) simulation to determine diagnosis and treatment [14-20]. For this reason, a case of patient with
aneurysms on the middle cerebral artery (MCA) was included in the present study. Two virtual surgical
plans were considered from the Computed tomography angiography (CTA) scanning. The CFD
simulations of the pre-operative model and the models of the two considered surgical plans were
analyzed. A better operation decision was made from comprehensive perspectives of the clinical
experiences and the hemodynamic of the artery. One-year after the surgery, the patient’s CTA data was
obtained again for further numerical simulations to verify the choice of operation selection. Thus, the
objective of this study was to explore the feasibility of CFD in the treatment of aneurysms, and shed
some lights on the clinical application of CFD method.
2 Materials and Methods
2.1 Patient
The patient (A 52-year-old female diagnosed with a special MCA aneurysm) was admitted to the
hospital for a sudden consciousness disorder in 2017. Primary intracranial CTA data showed there
were an unruptured aneurysm of the left MCA in size 10.4 × 9.8 mm attached with a small aneurysm
at the edge in the trifurcation and an unruptured aneurysm of the right MCA in size 8 × 5.9 mm in the
bifurcation (Figs. 1a1 and 1a2). Considering rupture of the left aneurysm would occur at any time due
to the abnormal size and morphology, it was required to consider clipping the left aneurysm as soon as
possible and we examined different clipping positions. The patient then underwent intracranial CTA
and internal carotid artery ultrasound (Fig. 1d). The CFD model of the aneurysm in the left MCA was
built from the CTA images, and the ultrasound data was used for extracting inlet velocity waveform
by MATLAB programming. The pre-operative model and models with two considered clipping
positions were predicted and simulated by using the CFD analysis. In 2018, the patient visited the
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hospital for a reexamination. CTA images measurement was acquired again, the imaging data showed the
remained aneurysm flattened and decreased significantly to size 4.6 × 7.2 mm. The CFD model for the
post-operative aneurysm was thereafter built based on the CTA imaging. The model analysis showed
the hemodynamic and morphological properties in the aneurysm improved significantly comparing
with those before the operation. Written informed consent was obtained from this patient, and the
research was permitted by the ethics committee of Chongqing Hospital of Traditional Chinese Medicine.
2.2 3D Models and Surgical Plans
The medical images were obtained from Chongqing Hospital of Traditional Chinese Medicine. The
pre- and post- operative CTA images in Digital Imaging in Communications in Medicine (DICOM)
format were imported into the software Mimics 15.0 (Materialise, Leuven, Belgium) to reconstruct the
3D artery model from internal carotid artery to MCA segment. We imported the obtained 3D artery
Figure 1: Images of an MCA aneurysm from intracranial CTA at time of admission and reconstructed 3D
geometric model. Red circle points to the left aneurysm. (a) Primary intracranial CTA imaging. (b) Plan-A,
clipping the small aneurysm, and the wounded area (red area indicates the clipping area of the aneurysm
during virtual operation procedure) is around 20 mm2. (c) Plan-B, clipping the whole aneurysm and the
clipping area is around 50 mm2. (d) Internal carotid artery ultrasound recording. (e) Profile of inlet flow
waveforms during the cardiac cycle
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model into the software Geomagic Studio 12.0 (Geomagic, North Carolina, USA) to build the pre-
operative artery model, models in two different clipping plans, and the post-operative model. The
models with two clipping plans are: the artery model clipping the lateral aneurysm for Plan-A (Fig. 1b),
the model clipping the whole aneurysm for Plan-B (Fig. 1c). The post-operative artery model was built
from CTA images taken one year after the operation.
2.3 Computational Fluid Dynamic (CFD) Model
The CFD analysis was done by using ICEM CFD v.15 and ANSYS CFX v.15 (ANSYS, Canonsburg,
PA, USA). During the CFD analysis, blood was assumed to be homogeneous and incompressible Newtonian
fluid with viscosity and density of 0.0035 Pa·s and 1060 kg/m3. The arterial wall was assumed to be rigid
with a non-slip boundary and all inlets were cut at the same locations near the fourth cervical vertebra
[21-23]. A pulsatile period velocity profile recorded through internal carotid Doppler ultrasound was used
as the inlets boundary condition (Figs. 1d and 1e). Zero-pressure boundary conditions were set at all outlets.
Three cardiac cycle simulations were performed for numerical stability and the calculation achieved
convergence in the second cardiac cycle. Same boundary conditions were adopted in all simulations, and
results of peak systolic from the third cardiac cycle were collected as outputs for the final analysis (Fig. 1e).
All the CFD analyses were accomplished on a high-performance computer (DELL PRECISION TOWER
7910 2.4 GHz workstations) having 2 × 12 core processors and 64 GB of RAM.
2.4 Data Analysis
2.4.1 Hemodynamic Parameters
Hemodynamic parameters, including wall shear stress (WSS), velocity, pressure, time averaged wall
shear stress (TAWSS) and oscillatory index (OSI), were used to evaluate the hemodynamic properties of
the aneurysm. All parameters were obtained by post-processing of the CFD analysis. Definitions of these
parameters are showed in Appendices.
2.4.2 Morphologic Parameters
Morphological parameters included: neck width (averaged aneurysm neck diameter), maximum height
(the maximum distance from neck plane to the aneurysm dome), volume and aspect ratio (the ratio between
the maximal height and the neck width) of the aneurysm. The parameters were measured from the pre-
operative model, Plan-A model and the post-operative model.
3 Results
3.1 Pre-operative and Plan- A & B Models
Figure 2 shows the WSS and 3D streamline distributions of the aneurysm dome in the pre-operative
model and plan- A and B models. In the pre-operative model, the WSS in the neck position of the small
aneurysm was higher than the rest of the aneurysm (Mean ± SD: 27.65 ± 13.67 Pa vs. 5.27 ± 3.63 Pa,
Fig. 2a1). Moreover, the vortices and blood stagnation area in the small aneurysm were more obvious
than the other parts of the aneurysm (Fig. 2a2). In Plan-A model, comparing with the pre-operative
model, the hemodynamic environment in the remained aneurysm improved, and represented by moving
the high WSS area to the lateral wall of the remained aneurysm, increasing the blood flow velocity, and
decreasing the vortices numbers (Fig. 2b). In Plan-B model, the hemodynamic characteristics changed
significantly by removing the whole aneurysm, however, a significant low shear flow appeared at the
trifurcation of the blood vessels, which might lead to blood stagnation and regeneration of aneurysm later
(Fig. 2c).
The overall pressure distributions for all three models showed a similar pattern from inlet to outlet of the
flow (Figs. 2d-2f). In the pre-operative model, there was a significant high-pressure area up to 3.4 kPa at the
neck area of the small aneurysm (Fig. 2g). In Plan-A model, the high-pressure area enlarged and distributed
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more evenly than that in the pre-operative model (Fig. 2h). Fig. 3 shows the TAWSS and OSI distributions in
all three models, for the pre-operative model, the TAWSS was higher at the neck of the small aneurysm and
the OSI was higher around the neck of the main aneurysm and the lateral wall of the small aneurysm
Figure 2: WSS (a1, b1, c1), pressure (d, e, f) distributions at peak systole on the vessels and streamlines (a2, b2,
c2) inside the vessel in three different virtual models. Red arrows indicate the higher WSS area, and the red circle
indicates the vessel trifurcation. (a1, a2 & d) Pre-operative aneurysmmodel. (b1, b2& e) Plan- Amodel. (c1, c2& f)
Plan- B model. (g & h) pressure distributions on the aneurysm dome in pre-operative model and Plan-A model
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(Fig. 3a). In Plan-A model, OSI distributed similarly to that of the pre-operative model and the TAWSS was
higher on the lateral wall of the remained aneurysm (Fig. 3b). Comparing to the pre-operative- and Plan-A
models, the TAWSS was the highest, while the OSI was the lowest in Plan-B model (Mean ± SD for TAWSS:
9.92 ± 3.30 Pa in Plan B model vs. 1.55 ± 1.43 Pa in pre-operative model and 1.87 ± 1.38 Pa in Plan A model;
Mean ± SD for OSI: 0.017 ± 0.03 in Plan B model vs. 0.198 ± 0.12 in pre-operative model and 0.077 ± 0.07
in Plan A model, Fig. 3c). Figs. 2 and 3 showed improvements of the hemodynamic characteristics in Plan-A
model, especially for the blood flow and TAWSS distribution at the aneurysm dome. Although the
hemodynamic properties also improved in Plan-B model, the significant low shear flow in the trifurcation
and a bigger surgical wound areas (the red areas in Figs. 1b and 1c) in Plan-B model could likely lead to
a regeneration of the aneurysm in the future. By taking the hemodynamic improvements as well as the
surgery procedure into account, we selected the more conservative treatment Plan-A for the patient.
3.2 Post-Operative Model
Comparing to Plan-A model, the post-operative model had: 1) a lower aneurysm pressure (Maximum
pressure: 1.685 kPa in the post-operative model vs. 3.592 kPa in Plan A model); 2) less number of the
vortices; and 3) more evenly WSS distribution (the peak systolic WSS in aneurysm dome range: (0.103
Pa, 15.16 Pa) in the post-operative model vs. (0.109 Pa, 65.93 Pa) in Plan A model) (Fig. 4). These
indicated the hemodynamic improvement of the post-operative model.
Figure 3: TAWSS (a1, b1, c1) and OSI (a2, b2, c2) distributions on the aneurysm dome in three virtual
models. (a1 & a2) Pre-operative aneurysm model. X in a2 marks a possible high risky rupture location of the
aneurysm. (b1 & b2) Plan-A model. (c1 & c2) Plan-B model
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3.3 Morphological Change of the Aneurysm
Table 1 shows the aneurysm morphological change from the pre-operative state to the post-operative
state. The original aneurysm volume was around 492 mm3, by clipping the small aneurysm, all
morphological parameters in Plan-A model decreased significantly than that in the pre-operative state.
One year after the operation, the aneurysm volume decreased to about 50% of Plan-A model, and about
25% of the pre-operative model; the aspect ratio decreased to about 76% and 42% of Plan-A and the pre-
operative model.
Figure 4: Comparison of the simulation results between the Plan-A model (a, b, c, d) and the one year post-
operative model (e, f, g, h). a, b and e, f showed the pressure on the aneurysm surface decreased significantly
at the post-operative model. c & g showed the vortices number decreased in the aneurysm in the post-
operative model. d & h showed the shear stress distribution was more uniform and the gradient was lower in
the one-year postoperative model
Table 1: Morphological parameters of the aneurysm
Artery model Neck width (mm) Maximal height (mm) Volume (mm3) Aspect ratio
Pre-operative 8.918 12.094 496 1.356
Plan A 8.918 6.764 282 0.758
Post-operative 7.472 4.309 122 0.577
Note: Neck width: averaged aneurysm neck diameter; Maximal height: the maximum distance from neck plane to the aneurysm
dome; Aspect ratio: the ration between the maximal height and the neck width. The hemodynamic and the morphological
improvements after the operation indicating a good recovery of the patient by means of the surgical Plan-A, and the treatment Plan-A
had a good benefit to the patient.
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4 Discussion
Clinical diagnosis of intracranial aneurysms is usually based on morphological features and clinical
experience of the clinicians, the hemodynamic factors which can be used to aid clinical diagnosis and
treatment are mostly ignored. In this study, the hemodynamic characteristics of a rare unruptured MCA
aneurysm was simulated on a patient-specific model at the admission time and one-year post-operation. A
suitable surgical plan was selected from comprehensive perspectives by comparing the simulated
hemodynamic properties between the pre-operative model and the virtual models in two different clipping
plans. One-year after the operation, both the hemodynamic and the morphological properties improved
significantly, indicating the good effectiveness of the selected treatment Plan.
In recent years, the hemodynamic characteristics of aneurysms and their arteries are widely used as
factors to estimate the initiation, growth and rupture of the intracranial aneurysms [6, 18, 24-28]. Many
studies have showed the high WSS drives intracranial aneurysms formation and rupture [29-31], whereas
several computational studies have pointed the low WSS correlated to the aneurysm rupture [32-34].
Meng et al. [35] and Zhang et al. [29] found that the high WSS combined with a positive WSS gradient
triggered a mural-cell-mediated pathway, which could associate with the growth and rupture of
the intracranial aneurysm. Moreover, the increased pressure over the aneurysm surface may trigger the
growth or rupture because, as an aneurysm is stretched, weak blood vessel walls are vulnerable to
the large pressure gradient [36-38]. From hemodynamic points of view, the unruptured aneurysms can be
characterized as a simple and stable flow field, large impact area and wide inject inflow, while the
ruptured aneurysms with unstable flow field, small impact area and narrow inject inflow [38]. The study
from Cebral et al. showed the cerebral aneurysms with small impingement sizes were 6.3 times more
likely to have experienced rupture compared with aneurysms with relatively large impingement zones
[39]. In WSS and streamline distributions of our models (Figs. 2a2 and 2b2), both pre-operative and
Plan-A models had a concentrated impingement inject flow area in the aneurysm, and with high WSS in
the area. However, the impingement jet area was wider in the Plan-A model, indicting the remained
aneurysm are more stable and consequently with a low rapture rate after the Plan-A surgery. Sejkorová
et al. [19] found that OSI at the rupture location increased and was higher than that on the dome before a
rupture. The CFD analysis in our pre-operative model showed there were a high OSI and high WSS area
in the attached aneurysm, means a high rupture risk of the area (Fig. 2a). Therefore, the small aneurysm
must be clipped as soon as possible for reducing the high rupture risk of the aneurysm. By comparing the
hemodynamic properties between Plan-A and Plan-B models, the Plan-B model showed an obvious
turbulence in the trifurcation of the blood vessels. The hemodynamic abnormalities that associates with
the endothelial dysfunction and thus can likely lead to the aneurysm regeneration later [40-42].
The other generally recognized cause of aneurysm rupture is the morphological characteristics of the
aneurysm including various shape, aneurysm size, AR [43]. Backes et al. [44] reported that AR and
irregular shape were associated with aneurysm rupture in 124 patients with 302 multiple aneurysms, the
results found that AR > 1.3 and irregular shape are associated with aneurysm rupture independent of
aneurysm size and location. Lu et al. [2] identified size >5 mm as a risk factor for aneurysm rupture in a
cohort of 294 patients with multiple aneurysms. In our present research, we have measured the
morphological parameters of aneurysms in pre-operative, plan-A and post-operative model (Tab. 1). For
pre-operative model, AR is over 13 and indicates the instability of the aneurysm. While by clipping the
daughter aneurysm, AR significantly decreased to around 0.7 with a shrink size and volume. One year
after surgery, AR reduced to a lower level and the volume of aneurysm is one fourth of that before
operation, indicating that the patient recovered well through the Plan A treatment. Therefore, on the basis
of the CFD simulations, morphological properties of the aneurysm [7, 37, 40] and clinical experiences,
from a comprehensive perspective the treatment Plan-A was selected for the patient.
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Although the data from our study appear to suggest that hemodynamic characteristics determined by
CFD analysis can be used to aid the clinical diagnosis and treatment plan decision, these data must be
considered preliminary. This study relied on an assumption that the artery is rigid with no deformation
during the blood flow, however, the artery as well as the aneurysm may undergo a variety of structural
changes during the pulsatile flow. That could be overcome later by using the fluid-structure interaction
model analysis. The study limited by using only one specific case, the large population model with large
variety of the aneurysms should be taken into account in our future investigations. Another limitation in
this study is the in vivo hemodynamic environment of the patient changed from pre- to post- operation,
thus the boundary conditions obtained from the internal carotid Doppler ultrasound measurement differed
between the pre- and post-operative models. That was a main cause of the significantly lower pressure
and WSS in the post-operative model. However, the lower pressure and WSS values in the post-operation
state also implied a good recovery of the patient.
5 Conclusion
This study designed two virtual aneurysm clipping surgical plans for a patient with a 10.4 × 9.8mm
aneurysm attached with a small aneurysm at the edge of the trifurcation in the left MCA. Numerical CFD
simulations were conducted in the pre-operative model and the models with the two treatment plans for
aiding a determination of the best surgical option. The one-year follow-up CFD simulation results
showed an improved hemodynamic and morphometric characters of the aneurysm in the patient,
indicating the CFD analysis might can be used on aiding clinical diagnosis and treatment of the
intracranial aneurysm.
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Appendix
WSS, TAWSS and OSI were defined as:
sw ¼~n ~~sij (1)
TAWSS ¼ 1
T
Z T
0
swj jdt (2)
OSI ¼ 1
2
1
R T
0 swdtR T
0 swj jdt
 !
(3)
Where τw is the wall shear stress (WSS), ~n is the tangential vector to the vessel wall, ~~sij is the fluid
viscous stress tensor and T is the cardiac cycle duration.18 OSI reflects the changes in the WSS direction
and its values range between 0, when there is no oscillatory WSS, and to 0.5 when there is the maximum
oscillatory WSS.
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